Fourteen new stationary points in the scalar potential of SO (8) (8) is extended by fourteen new entries, whose properties have been obtained numerically using the sensitivity backpropagation technique. Eight of the new solutions break the gauge group completely, while three have a residual symmetry of U (1). Three further ones break the gauge group to U (1) × U (1). While the approximate numerical data are somewhat inconclusive, there is evidence that one of these may have a residual N = 1 supersymmetry, hence correspond to a stable vacuum. It must be pointed out that this list of new solutions most likely is not exhaustive.
Introduction
The maximally supersymmetric field theory in four dimensions -N = 8 supergravity [1] -that is obtainable by dimensional reduction of eleven-dimensional supergravity [2] is quite remarkable in many ways: The high degree of supersymmetry unifies the entire particle spectrum in a single supermultiplet, the model features an 'unexpected' hidden global exceptional E 7(7) symmetry (see e.g. [3, 4] ), and up to the possibility of a deformation that promotes the vector fields to nonabelian gauge bosons [5, 6, 7, 8] , its structure seems to be uniquely determined. As the model with gauge group 1 SO(8) arises from the compactification of D = 11 supergravity on a highly symmetric space -the seven-sphere S 7 -it occupies a prominent place in the family of supersymmetric field theory models, and as such it is not surprising to see that detailed information about its properties turned out to have a number of interesting applications [9, 10, 11, 12, 13] . Most of these are, of course, related to the AdS/CFT correspondence [14] , as the vacua of SO(8)-gauged N = 8 supergravity correspond to stationary points in the scalar potential with negative (Planck-scale) cosmological constant, hence an Anti de-Sitter background geometry.
Considering the recent discovery that N = 8 supergravity seems to be much more well-behaved at high loop orders than originally thought [15, 16] , and has an especially simple S-matrix, it might even be justified to claim it to be "the simplest (interacting) quantum field theory" (implicitly: in four spacetime dimensions, and with a proper Yang-Mills kinetic term) [17] .
Given the prominence of four-dimensional SO(8)-gauged N = 8 supergravity, it is somewhat remarkable that little progress has been made on its vacuum structure during the last 25 years: While a detailed analysis by N. Warner in 1983 managed to produce an exhaustive list of all stationary points in the scalar potential with residual (unbroken) gauge symmetry of at least SU (3) [18] , and a further one that breaks SO (8) to SO(3) × SO(3), [19] , no new candidates for vacua of this model could be obtained despite repeated attempts (see e.g. [20, 21] ). The underlying reason for this is easy to understand: The 70 scalars of the model can be thought of as parametrizing the coset space E 7(7) /SU (8) , so an analytic investigation of the full potential would seem to require an "Euler angle" type parametrization of that space. Even when taking the SO(8) symmetry of the potential into account that reduces the number of degrees of freedom to 70 − 28 = 42, the task of determining analytic expressions for such a parametrization of part of E 7 in terms of complex 56 × 56 matrices associated with its fundamental representation is easily shown to be well beyond technological reach: One would naively expect both the real and imaginary part of a typical matrix element to be a sum of contributions containing a sine or cosine factor in each coordinate, so a reasonable estimate for the number of individual trigonometric factors needed to represent each matrix element is 2 · 42 · 2 42 ≈ 4 · 10 14 . This must be regarded as a very conservative lower estimate, considering that that the occurrence of spinorial SO (8) representations the definition of in E 7 means that there will be more options than just a sin(α) or cos(α) factor for each angle coordinate (the angle can occur with a number of different half-integral coefficients): Clearly, a full analytic treatment of the problem hence is technically unfeasible. What has been done so far to nevertheless extract some information about the symmetry breaking structure of this potential was to use a group-theoretic argument to reduce the analysis to specially chosen more tractable low-dimensional sub-manifolds of E 7 /SU (8) that are invariant under some subgroup of the gauge group SO (8) . If this subgroup G is chosen sufficiently large, or if a suitable embedding is chosen, the G-invariant submanifold M G may allow a manageable analytic parametrization.
While this strategy allowed the determination of a number of nontrivial solutions, and by far has not been exploited to its full theoretical potential yet, considering the large number of possible options for G such that M G is low-dimensional and easily parametrized, this approach seems to be somewhat unrewarding, as for many specific choices of residual symmetry, the potential by no means has to have associated stationary points. Still, it seems reasonable to expect the number of stationary points with almost completely -or even completely -broken gauge symmetry to be fairly large. For this reason, other, complementary, techniques must be considered to study the extremal structure of the scalar potentials of models of supergravity -this, as well as a number of others. As has been demonstrated in [22] , the "reverse mode algorithmic differentiation" method, also known as "sensitivity backpropagation", is a stunningly potent numerical technique that allows an extremely effective analysis of these problems: For the case involving the largest exceptional Lie group E 8 , namely N = 16 'Chern-Simons' supergravity in three dimensions with gauge group SO(8) × SO(8), dozens of new solutions could be determined with very little effort. It hence makes sense to also apply this technique to gauged N = 8, D = 4 supergravity. The deformation of maximal supergravity in four dimensions that promotes the 28 vector fields to nonabelian gauge bosons of SO(8) requires the introduction of a scalar potential at second order in the coupling constant g, in order to maintain supersymmetry. Due to the emergent global E 7 symmetry of maximal four-dimensional supergravity, this potential is most easily expressed as a particular sixth-order polynomial function of the entries of an E 7 '56-bein' associated with the coset manifold of scalars E 7(7) /SU (8) . This function has a local maximum where all scalar fields are set to zero, which is associated with unbroken SO(8) gauge symmetry and full N = 8 supersymmetry in Anti-deSitter space with a negative cosmological constant of V = −6g
2 . In addition to this, there are a number of further saddle points in the potential, some of which nevertheless are stable due to the strong gravitational back-reaction in such a spacetime with Planck-scale cosmological constant: as long as the energy gained by leaving a stationary point is over-compensated by the energy that has to be expended in the kinetic term for a localized variation, the solution is perturbatively stable. This stability criterion is encoded in the Breitenlohner-Freedman bound [23] on the lowest mass of the scalar excitations:
When listing a number of stationary points with highly broken gauge symmetry, such as here, it makes sense to spell out the conventions on E 7 matrices in full detail and then refer to this common basis, rather than discussing each case in terms of the types of scalar fields that get excited and their interrelation. This is done in the rest of this section.
The E 7(+7) Lie algebra
The Lie algebra of the group E 7(7) allows a beautiful triality-symmetric construction based on the subalgebra so(8): Just as so (8) can be extended to so (9) by adding eight extra generators that transform in the eight-dimensional vector representation 8 v , plus the obvious commutators for these new generators amongst one another, we can also perform a triality-symmetric extension of so(8) to f 4 by simultaneously adding the three inequivalent real eightdimensional vector (V), spinor (S), and co-spinor (C) representations, again with the obvious commutator relations, which here are e.g. of the form [V, S] = C and involve the so(8) Clifford algebra generators γ a βγ . If one instead suitably extends so(8) by the symmetric traceless matrices over the vectors, spinors, and co-spinors, 35 v , 35 s , 35 c , one obtains e 7 . Signs and factors of i can be chosen in such a way that the generators obtained from 28 + 35 v give rise to the Lie algebra of the maximal compact subgroup, su(8), while 35 s +35 c give the 70 'boost' generators of E 7 (7) . In terms of the maximal compact SU (8) subgroup of E 7(7) , the 35 s and 35 c correspond to the self-dual and anti-self-dual four-forms.
A similar triality-symmetric construction of e 8(8) starts from the subalgebra so(8) × so (8) It is useful to note that, when taking a diagonal so(8) subalgebra of so(8) × so(8), these 64-dimensional representations each decompose as 28 anti + (1 + 35) symm , and the diagonal so(8) together with the three 35 give e 7(7) , while the three singlets form the sl(2) of the maximal subalgebra e 7(7) × sl(2) of e 8(8) .
From this discussion, we see that explicit generators of E 7 that are constructed along these lines are slightly more awkward to work with than the corresponding generators of E 8 , the reason being that the most obvious and convenient choices of a (rational) basis for the 35 v,s,c representations are nonorthonormal. This also has direct implications for strategies to simplify the presentation of stationary points that have been found numerically.
In the following, we will use different alphabets to designate different irreducible representations. Note that for some non-fundamental representations, we use composite symbols which nevertheless are supposed to be read as single glyphs. The notation may at times seem unusually tedious, but was chosen with the objective in mind to simplify transliteration of formulas to computer code as much as possible -with the exception of not adopting the convention that index counting starts at zero, which, while highly desirable from a technical perspective, would be too much in disagreement with established practice in physics. The alphabets listed in table 1 will be employed. We also occasionally use primes to enlarge alphabets, hence both a and a ′ will be considered to be so(8) vector indices. Furthermore, composite indices such as [ijk] are used for lexicographically enumerated 3-forms.
The "typewriter indices" a, b, . . . that occasionally show up serve a dual purpose: on the one hand, they allow us to take some short-cuts, such as when defining index range decompositions. In particular, they are employed e.g. to avoid the otherwise common 'matrix block notation' for decomposing the complex 56 × 56 matrices that represent E 7(7) group elements, which may be dangerous here due to possible factor-2 ambiguities. Their second purpose is to keep expressions computer friendly and allow a more or less straightforward transliteration of these formulas to computer code.
Also, we will frequently make use of the 'lecicographical index splitting function' Z(n) that maps a number n in the range 1 . . . 28 to an index pair (i, j), 1 ≤ i < j ≤ 8 such that 1 gets mapped to (1, 2), 2 to (1, 3), 7 to (1, 8) 
The detailed construction of 133 complex 56 × 56 generator matrices that satisfy the e 7 commutator algebra is given in Appendix A.
The scalar potential
Parametrizing the coset manifold of scalars H = E 7 /SU (8) by 70 boost generator coefficients φ n , the potential V (φ n ) of SO(8)-gauged N = 8, D = 4 supergravity is a simple quadratic expression in the tensors A 1 , A 2 , which are defined in terms of the so-called T -tensor that is (in D = 4) cubic in entries of the exponentiated generator exp n φ n g (n) , specifically:
with:
In this work, all anti-symmetrizers are normalized to work as projectors, e.g. δ 
Previously known stationary points
The potential V (φ n ) defined in (2) is known to have a local maximum at φ n = 0 with V = −6g 2 of maximal symmetry SO (8) and unbroken N = 8 supersymmetry. In addition to this, six further stationary points in this potential have been published, which are also shown in table 2. Their detailed locations are given in [18, 19] . Numerical data are given in Appendix B in particular to simplify matching the conventions used in this work against conventions used in other parts of the literature.
Residual gauge group Residual SUSY 0 -6 Table 2 : The previously known stationary points 
New stationary points
Employing the sensitivity backpropagation method presented in [22] , which already demonstrated its utility for the study of the somewhat more involved E 8 potential of N = 16 three-dimensional Chern-Simons supergravity with gauge group SO(8) × SO(8), strong numerical evidence for a number of further stationary points in the potential could be obtained. Here, it is important to point out that, while more than doubling the previously known amount of data, the new stationary points listed below perhaps are just a comparatively small selection of the totality of further solutions. While the present article demonstrates the utility of this numerical technique, a more complete analysis will be deferred to a subsequent publication that also addresses a number of open issues with respect to more convenient and hence usable presentations of solutions, as well as semi-automatic derivation of robust analytical expressions (guided by numerical input). Essentially, it is feasible to use heuristics based on numerical observations to set up algebraic equation systems that both can be solved exactly and also stringently checked against the stationarity conditions. This is briefly explained in the last section of [28] . The new stationary points are given in table 3.
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Detailed information on their location as well as their residual symmetries and fermion masses are given in Appendix B.
Details on the calculation
For these investigations, the "misalignment function" on the scalar manifold to be minimized numerically has been taken to be the length-squared of the potential's gradient, rather than an explicit quadratic stationarity condition in the A-tensors, as in [22] . The corresponding A 1 /A 2 stationarity condition is listed nevertheless (cf. e.g. (2.21) and (2.22), as well as the associated discussion in [24] ) and has been used as an independent check to numerically validate the new solutions:
This decision was motivated in part by the desire to learn whether the computation of quantities involving second derivatives would be feasible using the sensitivity backpropagation method, and how good its performance would be. As it turns out, the computations for this potential on average take considerably longer than the corresponding calculations for the E 8 potential of threedimensional maximal gauged supergravity, but still are quite feasible even on a single notebook computer. Also, it is noteworthy that, with this approach, the time needed to obtain a solution as well as the numerical accuracy that is easily obtainable vary much stronger than in the three-dimensional case studied in [22] . This might in part be attributed to the potential being a sixth-order polynomial in the entries of the T -tensor here, while it is only fourth order in D = 3. While the superiority of this numerical method for identifying stationary points is again clearly demonstrated, a subsequent more detailed analysis that intends to determine a large number of solutions should perhaps use code that is better optimized and uses the Q-tensor criterion. For this reason, no code is yet included in the arxiv.org preprint upload of this work.
A technical issue arises concerning the presentation of results: typically, a solution found numerically will initially be given in a fairly awkward way, a more or less generic numerical vector of length 70. In many cases, in particular in situations with large residual gauge symmetries, this may be simplified considerably by choosing a suitable coordinate basis (i.e. finding an appropriate SO(8) rotation) that sets many of the entries to zero. Due to the 'diagonal traceless' parts of the 35 s and 35 c representations, this is most easily implemented in the language of four-forms, obtained by 3 :
The "niceness"N (φ) of a presentation of a 70-vector is then obtained by taking:
Using the sensitivity backpropagation method again, a SO(8) rotation that maximizes this niceness can be found quite efficiently. This 'niceness' function has no physical significance and is inspired by the simple observation that, when rotating a 2-dimensional vector (v 1 , v 2 ) whose direction can be chosen freely, setting one coordinate to zero is equivalent to maximizing v It is somewhat puzzling, however, to observe that, while this strategy clearly manages to simplify results, it also seems to often fail to come up with the best possible presentation here. In particular, when doing the numerical analysis, it seemed to produce one fairly awkward presentation for the SU (4)-symmetric stationary point as it was re-discovered using these methods. Hence, a more exhaustive analysis should also pay more attention to this issue.
Discussion and Outlook
While having only numerical data on the locations of these new stationary points clearly is somewhat unsatisfying, it is equally clear that these numerical techniques provide highly valuable clues that should make it possible to analytically determine the exact properties of many of the new solutions. Taking as a specific example the numerical data on the location of the stationary point with V /g 2 = −13.676114, which does not seem to have any residual gauge symmetry, an ansatz such this one seems highly suggestive:
This alone considerably reduces the complexity of the problem. Here, one has to keep in mind that the large number of stationary points to be investigated strongly favours (semi-)automizable strategies over strategies that involve manual computations. A promising route to continue from here is to next determine the parameters A − K to high accuracy, using either fast high-precision floatingpoint arithmetics as provided e.g. by [25] , or more conventional implementations of multiprecision arithmetics. This then should suffice to derive additional 8 hypotheses on algebraic relations between these parameters. While this should further reduce the number of variables and hence simplify analytic matrix exponentiation, we note in passing that full analytic ('Euler angle') parametrizations of nine-dimensional submanifolds of E 7 have already been technically feasible seven years ago. Likewise, hybrid symbolic-numeric techniques can be employed to automatically generate and verify conjectures for algebraic relations between the entries of A 1 and A 2 , and hence ultimately the matrix VÃB.
Therefore, a complete determination of the exact properties of a substantial fraction of all the stationary points of the scalar potential of N = 8, D = 4, SO(8)-gauged supergravity should have come within technological reach now.
Considering the specific data that have been produced in this investigation, the most exciting outcome is of course the numerical evidence for a new vacuum with residual U (1) × U (1) gauge symmetry that seems to have a residual N = 1 supersymmetry. Using numerical data for the A 1 and A 2 tensors that can be obtained with the code provided in [28] , this can be seen in two ways: on the one hand, the A 1 tensor is almost diagonal, with just a 2 × 2 block in the (7, 8) -coordinates that is of the form:
Hence, the vector ǫ with ǫ j = δ 7 j − δ 8 j gets mapped to 1.4142232ǫ; the square of this eigenvalue is 2.0000273. According to [26] (see also (3.13)-(3.15) in [13] ), any eigenvector of A 1 for which the corresponding eigenvalue λ satisfies λ 2 = −V /6g 2 (here: λ 2 = 2) corresponds to a residual supersymmetry. Also, the approximate numerical data given for A 2 seem to support ǫ i A 2 i jkl = 0, hence providing independent numerical evidence.
The numerical data available so far already suggests a fairly simple structure that might be the basis of an analytic investigation:
Further work on this solution will show whether this simple three-parameter ansatz can be established analytically.
Appendix A E 7(7) conventions
We start the triality-inspired construction of explicit E 7(7) generators by explicitly stating the entries of the so (8) 
Hence, E 7 basis element #106 corresponds to the rotation R [12] , basis element 107 = R [13] , etc. (lexicographically).
For the three 35-dimensional symmetric traceless vector/spinor/co-spinor representations, we use the convention that the first 7 basis elements correspond to the diagonal matrices diag(1, −1, 0, . . . , 0), diag(0, 1, −1, 0, . . . , 0), diag(0, . . . , 0, 1, −1) (in that order), while element 7 + n corresponds to the ma-
-and with a likewise lexicographical order for the corresponding non-diagonal parts of S (αβ) and S (αβ) . These conventions ensure that the E 7 symmetric bilinear form obtained from the fundamental representation, G AB = T ACD T BDC is almost diagonal, with entries +96 forB =C ≤ 70, entries −96 forB =C > 70, entries −48 for the non-orthogonal generators corresponding to the diagonal parts of the symmetric traceless matrices over the spinors and co-spinors (i.e. G A=1 B=2 , G A=4 B=3 G A=36 B=37 , etc.), and entries +48 for G A=71 B=72 , etc., which come from the diagonal part of the 35 v representation.
In order to obtain explicit complex 56 × 56 matrices for E 7 generators in the fundamental representation, we first define the tensors below (where the Einstein summation convention is suspended for 'technical' auxiliary indices that are set in typewriter font and do not belong to irreducible representations). Note that the adjoint representation of SU (8) in the "bottom right" 28 × 28 matrix block involves complex conjugation, at variance with some of the earlier literature on this subject. Without this, the 133-dimensional algebra would not close. Evidently, a convenient choice for a Cartan subalgebra of this E 7 algebra is given by the generators #71, . . . , #77. Given T (E7) ABC , the E 7 generator matrices g used to define the scalar potential are g is as follows: For n ≤ 35, each matrix has either zero or two non-zero entries per row which then are either +1 or −1, the total number of non-zero rows being 48. For 35 < n ≤ 70, each matrix likewise has 48 rows with two non-zero entries each that are either +i or −i. For 70 < n ≤ 105, each matrix has 24 non-zero entries in total, which each are either +2i or −2i. Finally, for n > 105, each matrix has 24 non-zero entries, with each of them being either +2 or −2. In total, there are 70 · 48 · 2 + 63 · 24 = 8232 non-zero entries in the tensor T (E7) .
(A.14)
Appendix B Numerical data
This section lists approximate numerical data both for the known as well as for the new solution. Each table gives:
• The identifier of the solution (matching tables 2 and 3)
• The value of the scalar potential V /g 2
• The 'quality' of the solution, |Q| being the Frobenius norm of the Q-tensor and |∇| being the length of the gradient (determined numerically via finite differences)
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• The residual symmetry and supersymmetry.
• The approximate location of the (degenerate) solution. For convenience, the data obtained using equations 5 and 6 have been post-processed into a more usual scalar(+)/pseudoscalar(-) coefficient notation.
• Approximate data on residual gauge group generators, for solutions with U (1) n symmetry.
• The (re-scaled) masses-squared of the fermions. For a (potentially complex) symmetric fermion mass matrix M , these are given by the eigenvalues of M * M . All eigenvalues have been re-scaled by a factor 1/m
The gravitino masses-squared (m 2 /m 
(B.15) (Cf. eq. (2.14) in [24] and eq. (5.23) in [5] ). Here, P
ijk
[ijk] is the 56 × 8 × 8 × 8 tensor that is fully anti-symmetric in ijk and has entries ±1, 0. Entries ±1 occur for ijk being a cyclic/anti-cyclic permutation of the [ijk]-th index triplet without repetition in lexicographical order.
A companion article [28] provides numerical computer code containing more accurate data for the locations of all stationary points in the extended list, code to validate claims about stationarity, about residual (super-)symmetry, code to re-produce these tables, and also code to study the properties of these stationary points in more detail. 
